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Abstract— This paper presents a study on differential mode 
noise emission affected by a three-phase diode rectifier when 
there is an input Electromagnetic Interference (EMI) filter. The 
EMI filter is generally designed for noise attenuation beyond 150 
kHz. Therefore, systematic analysis of its behaviour in the new 
frequency range of 2-9 kHz is essential to identify its 
unacceptable noise emissions. This is important to comply with 
upcoming emission standards in the frequency range of 2-9 kHz. 
This paper presents the impact of a three-phase diode rectifier 
and an EMI filter in different system damping conditions, 
different grid types and switching frequencies regarding the 
harmonic emission in the frequency range of 2-9 kHz. The 
accuracy of a proposed equivalent circuit model of EMI filter to 
predict grid current emissions is also evaluated for above system 
conditions, leading to recommendations to noise reduction at 2-
9 kHz. 
Keywords— Differential mode noise, 2-9 kHz emission, three-
phase motor drive, EMI filter, diode-bridge rectifiers  
I. INTRODUCTION  
The increased switching frequency of the motor drive 
systems introduces harmonic emissions at 2-9 kHz frequency 
range. This issue has become a new interesting research area 
to be investigated since these unregulated emissions reduce 
the reliability and efficiency of the overall distribution 
network and communication systems [1]-[3].  
The standards for 2-150 kHz frequency range have not 
been completed to cover all products including adjustable 
motor drives, so that IEC Technical Committee 77A is 
currently working on this new standardisation process [2]. 
According to IEC activity, the frequency range has been split 
into two main frequency bands as 2-9 kHz and 9-150 kHz. In 
parallel to the standardisation activity, recent studies on 2-150 
kHz frequency range have been presented in [4]-[8] related to 
emission modelling of different converter topologies. Even 
though 2-150 kHz range is new for emission studies, the 
Differential Mode (DM) emission modelling beyond 150 kHz 
is well discussed for DC-voltage fed three-phase power 
converters in [9]-[11] , for grid connected- three-phase buck-
type PWM rectifier topology in [12] and for grid connected- 
three-phase diode rectifier-Inverter topology in [13]. The line-
current quality improvement of uncontrolled rectifier topology 
under normal and unbalanced supply voltage conditions are 
presented in [14, 15] for the low-frequency range. However, 
the line-current quality improvement of the three-phase, diode 
rectifier-Inverter topology in motor drive systems at 2-9 kHz 
under EMI filter connection, which can introduce resonances, 
is not considered so far in EMI analysis studies. Therefore, it 
is vitally important to understand resonances/ unacceptable 
DM emissions in this frequency range using the already 
existing EMI filter in the three-phase motor drives, which is 
only designed to attenuate emissions beyond 150 kHz.  
This paper presents a systematic study to demonstrate the 
impact of input EMI filter to the DM noise at 2-9 kHz 
frequency range, in a three-phase motor drive system with a 
nonlinear diode-bridge rectifier at the grid-side. Further, 
equivalent circuit modelling for the EMI filter is also 
presented, where the equivalent model accuracy is evaluated 
compared to the three-phase full system in different system 
damping conditions. Further, the paper presents the impact of 
grid type and switching frequency to DM noise level, where 
the proposed model accuracy is also discussed. Finally, the 
recommendation for 2-9 kHz noise reduction is discussed 
using the derived transfer function of the modelled EMI filter. 
The equivalent circuit modelling for the EMI filter is the key 
step in the filter modification when the drive manufacturers 
compete to comply with the upcoming EMI emission 
standards in 2-9 kHz range. Thus, this paper significantly 
contributes to accelerating the drive products development and 
entering the market with possible compliance of upcoming 
EMI standards for 2-9 kHz frequency range. 
II. SYSTEM DESCRIPTION 
Three-phase motor drive system with an input EMI filter 
used for DM analysis simulations is illustrated in Fig. 1(a) 
with specifications in Table I. The primary noise source for 
DM emission is generated by the PWM inverter connected to 
an AC motor at the load side which is indicated as iinv. The 
frequency spectrum of this noise current at inverter input can 
be expressed as (1), where Sx,inv is the inverter switching 
function depending on the PWM technique and ix is motor 
terminal currents.  Further,  the total DC link current flowing 
through DC choke (Ldc) is defined as irect, which depends on 
the iinv and transfer function of DC-link as expressed in (2). 
Here, ZC and ZL are equivalent DM impedance of DC-link 
capacitors and inductors, respectively for a conduction instant 
of a rectifier. 
The irect can be represented as a current source at the 
rectifier output, as shown in Fig. 1(a). This current source 
substitutes the system, including DC-link, inverter and motor. 
The grid current and rectifier input current of phase A are 
represented as iA and ia, respectively. The leakage inductance 
introduced by common-mode choke is Ldm, in which series 
resistance is Rdm. In this study, an inverter with 5 kHz 
switching frequency has been mainly considered and iinv signal 
is related to the switching using Stator Flux-oriented 
Asynchronous Vector Modulation (SFAVM). The drive-
frame connected point of CyDC and CyAC can be disconnected 
from PE to only analyse the DM noise circulation. Notably, 
the proposed models in this paper are developed considering 
continuous conduction mode operation of diode rectifier. 
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TABLE I.  SPECIFICATIONS OF THE SELECTED INDUSTRIAL DRIVE SYSTEM 
















Cx1, CyAC , 
Cx2, CyDC 
1.5 µF, 470 nF, 
100 nF, 100 nF 
III. INFLUENCE OF DIODE RECTIFIER AND INPUT EMI 
FILTER ON DM NOISE 
In this section, the three-phase full system with and 
without EMI filter is analysed for DM noise at 2-9 kHz using 
Matlab/Simulink for a stiff grid. Generally, for a 100 kVA, 
415 V distribution system, Lg = 0.1 mH explains that the grid 
is stiff in which the grid impedance is 1.8% of the base 
impedance for feeders and transformers. In contrast, if the Lg 
is 1 mH, the grid impedance is 18.2 % of the distribution 
system’s base impedance which makes the grid weak. So, for 
this section grid is represented by Lg = 0.1 mH and Rg = 0.1 Ω. 
The frequency spectrum of iinv consists of a high level of 
harmonics around 5 kHz as expected (Fig. 2(a)). However, the 
harmonics beyond 4 kHz including these dominant harmonics 
have attenuated in the rectifier input current (ia) due to the DC-
link filters, even though harmonics at 2-4 kHz has slightly 
increased in ia (Fig. 2(b)). Fig. 2(c) and (d) show the time-
domain waveforms for iA without and with EMI filter, 
respectively. These results demonstrate that the EMI filter 
creates new resonances during both 120o conduction mode and 
commutation mode of rectifier operation. Generally, two 
phases conduct through diode-rectifier operation in each 60o 
phase (for example, only phase A, B or B, C or C, A conduct 
at an instant). Moreover, this non-linearity of the diode 
rectifier introduces transient effects when a commutation from 
one phase to another phase happens. These transients create 
non-periodic, resonances in the EMI filter circuit at the grid 
side affecting the DM noise level. As in Fig. 2(e), the 
frequency response comparison of iA at 2-5 kHz shows there 
is a harmonic attenuation due to the EMI filter connection. In 
contrast, there is a clear harmonic amplification of iA at 5- 9 
kHz due to the EMI filter connection. Thus, it is essential to 
derive an appropriate equivalent circuit model for the system 
with the EMI filter, which can get rid of the transient effects 
of the diode rectifier in analysing the DM noise. This 
modelling is useful to investigate the best possible 
configuration of the EMI filter to minimise the DM noise at 2-
9 kHz. 
IV. EQUIVALENT MODEL IMPLEMENTATION FOR INPUT EMI 
FILTER CONNECTED DIODE-RECTIFIER SYSTEM 
The non-linearity of the diode rectifier is created by its 
switching function Sy,rect (y= a, b, c), so that the rectifier input 
current, iy (y= a, b, c) is a function of  Sy,rect and irect , which can 
be expressed as (3). 
   { },( ) ( ) ( ), , ,y y rect recti t S t i t y a b c= × ∈                      (3) 
When there is no EMI filter, the rectifier directly connects 
to the grid impedance and there is no resonance effect. Then 
the equivalent circuit at the grid side can simply be modelled 
assuming there are only two phases connected in series at the 








Fig. 1 EMI filter representation in the system (a) The studied three-phase motor drive system with input EMI filter, (b) Simplified general system at each 
60o operation of the rectifier, where only two phases conduct through the rectifier (Phase A and B in here), but all three phases can be conducted at the grid 
side, (c) The proposed equivalent model for analysing the DM noise at the grid 
filter, resonance appears at the grid with the non-linearity of 
the rectifier operation due to the pulse current excitation of the 
diodes. Apart from that, grid side lossy element and grid 
inductance have a big impact on the damping of grid current 
emissions. Hence, even though only two phases conduct 
through the rectifier, all three phases can be conducted at the 
grid side through the EMI filter. As the example shown in Fig. 
1(b), during each 60o operation of the rectifier, the third phase 
floats at the rectifier input terminal while creating a circulation 
path for DM noise at the grid side. Therefore, it is not accurate 
to model the equivalent circuit assuming a two-phase 
conduction-mode at the grid side, making the modelling 
complex. On the other hand, it is not also accurate to model 
equivalent circuit assuming a three-phase conduction mode at 
the grid side, since the third phase is always floating from the 
rest of the system for every 60 degrees. Considering this non-
linearity issue of the rectifier, this paper proposes a single-line 
equivalent circuit model for analysing the DM noise at the grid 
as depicted in Fig. 1(c) to analyse the transient effects through 
the EMI filter, assuming the grid side can be represented by 
three current sources of ia, ib and ic. Multiplication of irect and 
switching function of the rectifier, Sa gives ia as in (3). Even 
though, [13, 17] have utilized two-phase conduction concept 
for EMI filter designs, notably this paper only presents the 
single-line model results based on the above-mentioned 
facts/concepts, without comparing the existing model in these 
literatures. 
The frequency spectrum of iA obtained from this single-line 
model’s simulation is compared with that of full model’s 
simulation for a stiff grid (Lg = 0.1 mH, Rg = 0.1 Ω) similar to 
section II. As shown in Fig. 4(a) simulation results, the error 
between the three-phase (S3) and single-line modelled iA (S1) 
is around 0.1 mA up to 7 kHz and it increases from 7-9 kHz 
up to -1 mA. The transfer function (H(f)) between iA and ia are 
derived for the proposed equivalent model using (4). In this 
H(f) representation, the grid impedance and impedance across 
leakage inductor, Cx1, and (CyAc together with Cx2) are 
represented as Zg, ZLdm, Zcx1 and Zcycx2. The derived transfer 
function over the frequency for the selected grid conditions is 
shown in Fig. 3, which reveals that EMI filter amplifies the 
noise coming from the rectifier towards the grid at the 
frequency range of 2-9 kHz. 
 
(a)                                                                                             (b) 
            
                                                                  (c)                                                                                                    (d) 
    
                                                                                (e)                                                                                                    (f) 
Fig. 2 DM Noise flow in the system (a) frequency spectrum of iinv, (b) frequency spectrum of ia ,(c) time-domian waveform of iA-without EMI filter, (d) 
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The mathematically calculated iA(f) using this derived 
transfer function and the same ia(f) in Fig. 2(b), is also depicted 
in Fig. 4 (b).  According to the error results in Fig. 4(a) and 
Fig. 4(b), it is verified both the model-simulation (S1) and 
model-calculation (C1) give same range of error compared to 
the frequency spectrum of actual iA (S3). However, these errors 
show small deviations of less than 0.2 mA closer to 9 kHz. 
Thus, either the simulation or calculation approach of the 
model can be used for DM noise analysis at 2-9 kHz of the 
three-phase full model, when there is a known ia (f). The 
damping of the system is determined by the resistance series 
with the leakage inductance (Rdm) and the grid resistance (Rg). 
So far, in section II and III, the resultant resistance (R = Rg + 
Rdm = 0.1 Ω+0.2 Ω) is selected as 0.3 Ω to represent damping 
factor of a general system. In the following section, the paper 
presents the effect of this damping factor for the DM noise 
analysis using the proposed model.  
V. ACCURACY EVALUATION OF EMI FILTER-EQUIVALENT 
MODEL FOR DIFFERENT SYSTEM DAMPING CONDITIONS 
As the system is directly connected to the grid, the noise 
of ia at 2-9 kHz highly depends on the grid impedance and the 
damping factor of the system. As a result, EMI filter response 
and then the iA also changes. Considering the damping effect, 
the paper investigates the accuracy of the single line model of 
the EMI filter for a highly damped system, where Lg=0.1 mH 
and R is 1.2 Ω. Here, the Rg is set to 1 Ω, while Rdm is kept 
constant as 0.2 Ω. This condition represents a grid with long 
distribution lines with high resistance (for example, with low 
X/R ratio below 0.5). As shown in Fig. 5(a) and Fig. 5(b), the 
increased damping factor, R has reduced the noise level of ia 
and iA compared to Fig. 2(b) and Fig. 4(a), respectively. As 
shown, simulation results in Fig. 5(b), the error between the 
three-phase full model (S3) and modelled iA (S1) is less than 
0.1 mA over the frequency range of 2-9 kHz. Thus, it is clear 
that the proposed model for DM noise analysis at 2-9 kHz is 
more accurate for highly damped systems. As shown in Fig. 3, 
the H(f) also dropped after 7 kHz for the case of a highly 
damped system. The impedance (Z) plots shown in Fig. 3 
verify there is no resonance in the system at 2- 9 kHz, even 
though Z slightly changes with the selected damping of the 
system.  




      (b) 
Fig. 4 Accuracy of iA frequency spectrum using the equivalent circuit of 
EMI filter (a) single-line equivalent model simulation compared to the 
three-phase full model simulation, (b) single-line equivalent model 
calculation using transfer function (H(f)) of the model compared to the 


























Fig. 5 Accuracy of single-line model of EMI filter under highly damped 
system condition (R = 1.2 Ω) (a) magnitude of rectifier input current 
ia(f), (b) magnitude of grid side current iA(f)  
VI. ACCURACY EVALUATION OF EMI FILTER-EQUIVALENT 
MODEL FOR DIFFERENT GRIDS 
So far, a stiff grid is considered and, in this section, the 
model accuracy is discussed for a highly damped weak grid, 
where Lg = 0.1 mH and Rg = 1 Ω. According to Fig. 6(a), the 
noise level of ia at 4.5- 5 kHz has increased while there is a 
noise level drop at the other frequencies compared to that of a 
stiff grid shown in Fig. 5(a). As shown, simulation results in 
Fig. 6(b), the noise level of iA has increased considerably 
around 3.5 kHz compared to Fig. 5(b). To explain this 
difference in the weak grid, H(f) is compared for the stiff and 
weak grid. Fig. 6(c) clearly shows that high grid inductance 
creates a resonance at 3.5 kHz at the grid side with the EMI 
filter, causing unacceptable noise amplification flowing to the 
grid. These results of H(f) and iA are comparable in terms of 
resonance point. As a result, the error between the three-phase 
full model (S3) and modelled iA (S1) is also increased at 3.5 
kHz as shown in Fig. 6(b). Thus, the accuracy of the model 
highly degrades, when there is a resonant point created by the 
high grid inductance of weak grids. 
VII. ACCURACY EVALUATION OF EMI FILTER-EQUIVALENT 
MODEL FOR DIFFERENT SWITCHING FREQUENCIES 
In order to further verify the proposed model behaviour at 
different switching frequencies of the inverter, the system is 
evaluated with a noise source, iinv consisting of 3 kHz and its 
multiples of switching noise (See Fig. 7(a)). Even though, 
there is a change in switching frequency, the frequency 
response of ia in Fig. 7(b) is the same as that of 5 kHz 
switching in Fig. 5(b). It should be noted that the grid is at Lg 
= 0.1 mH and Rg = 1 Ω, to be able to compare with the results 
of Fig. 5. As H(f) is independent with the switching frequency 
and ia is unchanged, the noise level of iA spectrum is also the 
same as shown in Fig. 7(c). Moreover, the error between the 
three-phase full model (S3) and modelled iA (S1) is less than 
0.2 mA, which is acceptable. Thus, it is clear that switching 
frequency of the inverter load is not an influencing factor, 
which changes the accuracy of the proposed model for a given 
system.  
VIII.  CONTRIBUTION OF SERIES RESISTANCE OF LEAKAGE 
INDUCTOR (RDM) FOR THE NOISE REDUCTION AT 2-9 KHZ  
According to the H(f) in (4), it is found that Rdm in the EMI 
filter can contribute to reduce the current gain through the 
filter causing attenuation of the noise of iA at 2-9 kHz. This can 
be seen in Fig. 8(c) as well. Further, as discussed, the Rdm 
increases the system damping (R) to reduce the noise of ia. The 







Fig. 6 Accuracy of single-line model of EMI filter at weak grid with Lg = 1 
mH (a) magnitude of rectifier input current ia(f), (b) magnitude of grid side 

































Fig. 7 Accuracy of single-line model of EMI filter at a different 
switching frequency, 3 kHz (a) frequency spectrum of iinv, (b) 
magnitude of rectifier input current ia(f), (c) magnitude of gride side 



























and further verify that high Rdm is favourable for noise 
reduction at 2-9 kHz, both in ia and iA. Since, Rdm is linked with 
the system efficiency, there is a limitation in increasing the 
value of Rdm in real application. However, the copper losses of 
the leakage inductor at high frequency can be increased due to 
the skin effect improving the damping effect and minimising 
the losses at low frequency. 
IX. CONCLUSIONS 
This paper presents the possibility of increased grid-side 
noise level closer to 9 kHz, when there is an input EMI filter 
connected with a diode rectifier of a three-phase motor drive 
system, even though there is no resonance introduced by the 
EMI filter at 2-9 kHz in the case of a stiff grid. The proposed 
single-line equivalent model of the EMI filter can get rid of 
transient effects due to the non-linearity of diode rectifier in 
analysing the DM noise. When the system is with a high 
damping factor, the accuracy level of the presented model is 
high for DM noise analysis. If the grid is weak, there can be a 
resonance with the EMI filter causing unacceptable noise 
emission to the grid and the model accuracy is low at this 
resonant frequency. It is found that the model accuracy in 
predicting grid current is independent of switching frequency 
of the inverter. Finally, the paper recommends designing 
optimal series resistance for the leakage inductor considering 
skin effect at high frequency to attenuate noise at 2-9 kHz.  
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Fig. 8 Emissions with different Rdm , 0.2 Ω and 5 Ω (a) frequency 
spectrums of ia, (b) frequency spectrums of iA and (c) H(f) of the filter 






















Single-line model H(f)-R dm=0.2
Single-line model H(f)-R dm=5
